We have studied the structure and kinematics of the dense molecular gas in the Orion Molecular Cloud 1 (OMC1) region with the N 2 H + 3-2 line. The 6 × 9 (∼ 0.7 × 1.1 pc) region surrounding the Orion KL core has been mapped with the Submillimeter Array (SMA) and the Submillimeter Telescope (SMT). The combined SMA and SMT image having a resolution of ∼ 5.4 (∼ 2300 au) reveals multiple filaments with a typical width of 0.02-0.03 pc. On the basis of the non-LTE analysis using the N 2 H + 3-2 and 1-0 data, the density and temperature of the filaments are estimated to be ∼ 10 7 cm −3 and ∼ 15-20 K, respectively. The core fragmentation is observed in three massive filaments, one of which shows the oscillations in the velocity and intensity that could be the signature of core-forming gas motions. The gas kinetic temperature is significantly enhanced in the eastern part of OMC1, likely due to the external heating from the high mass stars in M42 and M43. In addition, the filaments are colder than their surrounding regions, suggesting the shielding from the external heating due to the dense gas in the filaments. The OMC1 region consists of three sub-regions, i.e. north, west, and south of Orion KL, having different radial velocities with sharp velocity transitions. There is a north-to-south velocity gradient from the western to the southern regions. The observed velocity pattern suggests that dense gas in OMC1 is collapsing globally toward the high-mass star-forming region, Orion Nebula Cluster.
INTRODUCTION
Filamentary structure has been commonly observed in star-forming clouds from parsec scale to sub-parsec scale (e.g. Schneider & Elmegreen 1979; André et al. 2014) . The prevalence of filamentary structure indicates its persistence for a large fraction of the lifetime of a star-forming cloud. Therefore, it is believed that such structure plays an important role in star formation process, and provides clues about the evolution of starforming clouds. In addition, by examining the low-mass star-forming clouds within 300 pc, Myers (2009) found that all young stellar groups are associated with "hubfilament structure", where the "hub" is a high column density region harboring young stellar groups, and the ALMA in N 2 H + J=1-0 (Hacar et al. 2018 ) resolved a total of 28 filaments with a FWHM of ∼ 0.02-0.05 pc in OMC1, and the cores inside these small-scale filaments are possible sites for star formation. Therefore, studying the physical conditions and gas motions in OMC1 is likely the key to understand the evolution of hubfilament structure and its relation with star formation.
We present our observations toward the OMC1 region in N 2 H + 3-2 with an angular resolution of ∼ 5.4 obtained using the Submillimeter Array (SMA) and the Submillimeter Telescope (SMT). Further analyses using the N 2 H + 1-0 data provided by Hacar et al. (2018) are also presented. The rotational transitions of N 2 H + are known to be good tracers of dense and quiescent gas. With a critical density of ∼ 10 6 cm 3 , which is higher than that of ammonia studied by Wiseman & Ho (1998) , N 2 H + 3-2 can probe the dense gas inside the sub-parsec scale filaments that are directly related to star formation. In addition, N 2 H + is less affected by depletion even in the dense and cold environments, and is also less affected by dynamic processes such as outflows and expanding H II regions.
This study investigates the structure, physical conditions, and gas motions in the OMC1 region. We describe the details of our observations and data reduction in Section 2, and present the results in Section 3. The structural properties, physical conditions and gas kinematics are analyzed in Section 4. Finally, we discuss the implications of these results in Section 5, and summarize our conclusions in Section 6.
2. OBSERVATIONS AND DATA REDUCTION 2.1. 1.1 mm Observations with the SMA Observations of the N 2 H + J=3-2, HCO + J=3-2, and HCN J=3-2 lines together with the 1.1 mm continuum were carried out with the SMA on February 14, 20, and 24, 2014. A sub-compact configuration with six antennas in the array was used, providing baselines ranging from 9.476 m to 25.295 m. The shortest and longest uv distances are 5.6 kλ and 23.6 kλ, repectively. The primary beam of the 6-m antennas has a size of 42 (HPBW), and the synthesized beam size is 5.53 ×5.25 . The bandwidth was 4 GHz per sideband, and the frequency resolution was 203 kHz that corresponds to the velocity resolution of ∼ 0.22 km s −1 at the rest frequency of N 2 H + 3-2. Using 144 pointing mosaic with a Nyquist sampled hexagonal pattern, as shown in Figure  1 , the observed area covered ∼ 5 ×7 . In order to obtain uniform uv-coverage for 144 pointngs, we observed each pointing for 5 seconds and visited all pointings in a loop. Each of the 144 pointings was visited three times in each observing run, giving a total on-source integration time per pointing of 45 seconds.
The visibility data were calibrated using the MIR/IDL software package. 1 The gain calibrators were 0501-019 and 0607-085, the flux calibrator was Ganymede on Feb. 14 and Callisto on other two days, and the bandpass calibrator was 3C279. The image processing was carried out using the MIRIAD package (Sault et al. 1995) . The image cube was generated with Briggs weighting with a robust parameter of 0.5, followed by a nonlinear joint deconvolution using the CLEAN-based algorithm, MOSSDI. The final data cube has a rms noise level of ∼ 0.5 K for a ∼ 0.22 km s −1 velocity channel. In this paper, we focus on the results and analyses of N 2 H + line. Results of HCO + and HCN will be presented in a forthcoming paper.
1.1 mm Observations with the SMT
We simultaneously observed the N 2 H + J=3-2 and HCO + J=3-2 lines on November 16 and 17, 2018 using the SMT of the Arizona Radio Observatory. We used the SMT 1.3 mm ALMA band 6 receiver and the filter-bank backend. The beam size is 28.45 in HPBW at the frequency of N 2 H + 3-2, and the main-beam efficiency is 0.71 ± 0.05. The On The Fly (OTF) mode was used in order to cover the mapping area of 6 × 9 centered at R.A.(J2000) = 5 h 35 m 12 s .1 and Decl.(J2000) = −5 • 21 15 .4. The data were reduced with CLASS. 2 The rms noise levels are ∼ 0.3 K at a spectral resolution of 250 kHz (∼ 0.27 km s −1 ).
SMA and SMT Data Combination
We combined the data cubes of the SMA and SMT by using the MIRIAD task immerge. The method of this task, known as feathering, merges linearly two images with different resolutions in their Fourier domain (i.e. spatial frequency). In the case of combining the singledish and mosaicing data, immerge gives unit weight to the single-dish data at all spatial frequencies, and tapers the low spatial frequencies of the mosaicing data, so as to produce the gaussian beam of the combined data equal to that of the mosaicing data. Inputs of immerge include the "CLEANed" SMA image cube, SMT image cube, and the flux calibration factor. After checking the consistency in the flux scale of two input image cubes, we set the flux calibration factor to 1. The integrated intensity (moment 0) map and the intensity-weighted radial velocity (moment 1) map after combination are shown in Figure 2 . The angular resolution and the rms noise level of the combined map are ∼ 5.4 and 1.0 K·km s −1 , respectively.
N 2 H + J=1-0 Observations with ALMA and IRAM 30-m
To analyze the physical properties of the filamentary structure in high resolution, we use the N 2 H + 1-0 data cube provided by Hacar et al. (2018) , where the ALMA and IRAM 30-m data were combined. 3 The ALMA + IRAM 30-m combined image cube has a circular beam with a size of 4.5 in FWHM, and a rms level of 25 mJy beam −1 at a spectral resolution of 0.1 km s −1 . The observational details are described in Hacar et al. (2017 Hacar et al. ( , 2018 . Figure 2 presents the moment 0 (integrated intensity) and moment 1 (intensity-weighted radial velocity) maps of the SMA + SMT combined image. Figure 2a shows that most of the emission comes from the filamentary structure having a typical FWHM of 0.02-0.03 pc. Several high-intensity and clumpy structures can also be seen inside the filaments. Orion KL at R.A.(J2000) = 5 h 35 m 14 s .5 and Decl.(J2000) = −5 • 22 30 is near the center of the maps. Different from observations in continuum or most other molecular lines, there is no signif-icant N 2 H + emission from the Orion KL region due to the destruction of N 2 H + molecules in active regions. Figure 2b reveals that the radial velocity distribution shows a trimodal pattern; the bright filaments to the north of Orion KL have a velocity range of ∼9-11 km s −1 (hereafter, referred to as the northern region), the fainter filaments extending to the northwest are seen at ∼7-9 km s −1 (western region), and the ones to the south of Orion KL are at ∼5-7 km s −1 (southern region, also known as OMC1-South). These three regions with different velocities converge at the Orion KL region. The velocity difference between the northern and western region was also reported by Wiseman & Ho (1998) and Monsch et al. (2018) based on their NH 3 observations. A clearer analysis for the velocity transition among the three regions will be presented in Section 4.2.
RESULTS
In order to derive physical conditions in different sub-regions, we use the ALMA + IRAM 30-m image in N 2 H + 1-0 for analyses in Section 4.3. The highresolution 3-2/1-0 ratio map ( Figure 3 ) was made using the SMA + SMT image and the ALMA + IRAM 30-m image convolved to the same beam size as the SMA + SMT image. Figure 3 reveals that the 3-2/1-0 ratio is overall higher in the eastern part of OMC1. In addition, the 3-2/1-0 ratio tends to be lower in the filament regions as compared to the surrounding non-filament regions. The typical line ratio in the filament regions is ∼ 1.0 even in the eastern part of OMC1, while that of the non-filament region is ∼ 2.2. As different ratios may imply different physical conditions, we determine the physical parameters of the filament and non-filament regions in Section 4.3.
ANALYSIS

Structural Properties of OMC1
Filament Identification
Filament identification is done by applying the python package FilFinder (Kock & Rosolowsky 2015) to the SMA + SMT combined moment 0 map. The FilFinder algorithm segments filamentary structure by using adaptive thresholding, which performs thresholding over local neighborhoods and allows for the extraction of structure over a large dynamic range. Input parameters for FilFinder include (1) global threshold-minimum intensity for a pixel to be included; (2) adaptive thresholdthe expected full width of filaments for adaptive thresholding; (3) smooth size-scale size for removing small noise variations; (4) size threshold-minimum number of pixels for a region to be considered as a filament.
We set 9 K · km s −1 as the global threshold. To focus on filaments with length 0.1 pc, we set the size threshold as 400 square pixels, where the pixel size is 1 arcsec 2 . The adaptive threshold is set to 0.06 pc, which is approximately twice the width of the filaments, and the smooth size is set to 0.03 pc. We find the result matches better with identification by human eyes when the smooth size is set to ∼ 0.5 times the adaptive threshold. The smaller we set the smooth size, the more short branches would be identified. On the other hand, a larger smooth size tends to make filaments connected since a larger regions of data are smoothed.
In total, 11 filaments have been identified. Figure 4a shows the result of filament identification, where the gray-scale image is the combined moment 0 map, and the colored lines are the identified major axes for each filament. The identified filaments and their lengths and widths are listed in Table 1 , together with the physical properties described in Section 5.1. Since the hyperfine components in N 2 H + 3-2 cannot be separated, the identification is based on the moment 0 map instead of 3-D datacube. We have estimated the typical FWHM of the identified filaments by fitting Gaussian to the several cuts perpendicular to the filaments. The FWHM of these filaments are 0.02-0.03 pc, which is consistent with those identified in Hacar et al. (2018) based on the ALMA + IRAM 30-m observations in N 2 H + 1-0. Hacar et al. (2018) has identified the filaments in Orion A with a different algorithm based on the 3-D datacube. Since we identified the filaments in 2-D using the moment 0 map, the results are different from those of 3-D if there are multiple velocity components in the same line of sight. For example, our main filament and filament 6, which can be clearly seen in the moment 0 map are not identified by Hacar et al. (2018) . As shown in Figure 5a and 5b, these two filaments contain multiple velocity components along the line of sight, which could cause a difference between results of 2D-and 3D-based algorithms. Apart from these filaments, other OMC1 filaments show single velocity component in the spectra. Therefore, there is no significant difference in the results between 2-D and 3-D identifications.
The moment 0 images in N 2 H + reveal three filaments with high-intensity clumpy cores, one of which is in the OMC1-South filament 8. We will refer to the two prominent filaments in the northern region as the main filament and the east filament, which are shown in blue and yellow, respectively, in Figure 4a . The gas kinematics inside these filaments will be analyzed in Section 4.4.
Core Identification
We identify the high-intensity cores inside the filaments by using the 2-D version of Clumpfind (Williams et al. 1994) . The Clumpfind algorithm contours input data with the values assigned by users, and then dis-tinguishes each core region by those values. It starts from the highest contour level, and then works down through the lower levels, finding new cores and extending previously defined ones until the lowest contour level is reached. We use the combined SMA + SMT integrated intensity map as the input data, and set the contour levels as 50, 53.6, 57.2, 60.8, 64.4 K · km s −1 . The spacing of the contour levels are set constantly as ∆T = 2T rms = 3.6, which could lower the the percentage of false detection to < 2% as suggested in Williams et al. (1994) . Figure 4b shows the positions of the 10 cores identified by 2-D Clumpfind. Table 2 lists the properties of these cores including position, peak flux, and effective radius (R eff ), which are all direct outputs of 2-D Clumpfind. Note that the R eff in Clumpfind is defined as R eff = A/π, where A is the area with emission above the criteria. In Table 2 , the linewidth (∆v) is determined by hyperfine spectral fitting (see Section 4.2), the mass (M core ) is derived by using the densities determined from non-LTE analysis (see Section 4.3), and the virial mass (M vir ) is calculated from the linewidth using Equation 12 (see Section 5.1). To determine the physical parameters, we conduct hyperfine spectral fitting on the combined SMA and SMT data for the regions with S/N > 5. We fit the V LSR , linewidths (∆v), excitation temperatures (T ex ), and total opacities (τ tot ) under the assumption of local thermodynamic equilibrium (LTE). With the relative intensities among 16 main hyperfine components for the N 2 H + 3-2 line (Caselli et al. 2002) , the opacity of each component is assumed as a Gaussian profile
Hyperfine Spectral Fitting
where v i is the velocity offset from the reference component and v sys is the systemic velocity. Then, we obtain the optical depths of the multiplets as
where R i is the relative intensity for the ith hyperfine component, and τ i = τ tot R i . The brightness tempera-ture at each pixel can be represented as
where T bg is the cosmic background temperature (2.73 K), and Figure 5 presents the observed spectra obtained by averaging the 5 × 5 regions marked in Figure 4a . The best-fit single-velocity components (in red) are overlaid on the spectra. Note that the multiple velocity components are only limited to the regions near core 6, 7, 9 and the northern part of filament 6, as indicated by the dashed green boxes in Figure 4a . We applied the single-component fitting to the spectra of these regions, because two-component fitting requires too many parameters. Inside the regions with multiple components, the fitted V LSR are still dominated by the major components, although the fitted linewidths are highly affected by secondary components. Using the centroid velocities determined from the hyperfine fitting, we illustrate the velocity distribution along right ascension and declination, respectively. Figure 2b between the northern and western regions. Figure 6b shows the radial velocities of all three regions as a function of declination. While the velocities of the northern region are almost constant, those of the western region decrease from north to south and continuously connected to those of the southern region. Such a velocity decrease from north to south in OMC1 has been reported in Hacar et al. (2017 Hacar et al. ( , 2018 , and interpreted as the gravitational collapse of OMC1. Figure 6b shows that the gas in the western region is accelerated toward OMC1-South.
Comparing the fitting results with the observed spectra, we found that the observed satellite components are much brighter than those predicted by the LTE assumption (e.g. Figure 5c-e ). In addition, when the line is optically thin (τ tot 1), the fitting cannot constrain T ex and τ tot , because Equation 3 will be reduced to
indicating that the T ex and τ tot can be determined arbitrarily. Therefore, we conduct non-LTE analysis in Section 4.3 to derive the physical conditions.
N 2 H + RADEX Non-LTE Modeling
Using RADEX (van der Tak et al. 2007 ), a non-LTE radiative transfer code, we construct spectra models in N 2 H + 3-2 and 1-0. The synthetic spectra are constructed with the equation
where T i ex and τ i (v) represent the excitation temperature and optical depth for all hyperfine components in the 3-2 or 1-0 transitions, and Ψ is the beam filling factor. In our models, the beam filling factors are assumed to be unity. We also construct an intensity ratio model by dividing the integrated spectra model in N 2 H + 3-2 with that in N 2 H + 1-0.
The constructed models can be represented by a threedimensional grid, where the three axes are H 2 density (n H2 ) ranging from 10 4 to 10 9 cm −3 , kinetic temperature (T kin ) ranging from 8 to 60 K, and the ratio of N 2 H + column density to linewidth (N (N 2 H + )/∆v) ranging from . Slices in the non-LTE model grid for N (N2H + )/∆v = 5 × 10 7 , 5 × 10 7.5 , and 5 × 10 8 s cm −3 from left to right, which corresponds to N (N2H + ) = 10 13 , 3 × 10 13 , and 10 14 cm −2 for a region with ∆v = 2.0 km s −1 . The background in gray scale shows the integrated spectra model of N2H + 3-2, and the contour levels indicate the 3-2/1-0 intensity ratio model. The yellow bars from the left to right panels show possible solutions satisfying the conditions of the non-filament, low-intensity, and core regions, respectively (see Table 3 ).
5 × 10 7 to 5 × 10 8 s cm −3 . The step sizes of the grid are 1 K for T kin and 0.5 in decimal log scale for both N (N 2 H + ) and n H2 . As N (N 2 H + )/∆v is the input parameter in RADEX, the estimation of N (N 2 H + ) varies among regions with different linewidths. Based on our fitting results, the linewidth in OMC1 could vary from ∼ 1 to 3 km s −1 . Figure 7 presents the constructed non-LTE model, where the gray-scale background shows the integrated spectra model in N 2 H + 3-2, and the contour levels show the 3-2/1-0 ratio model. By applying the observed integrated intensity and line ratio in this model, physical parameters (n H2 , T kin , and N (N 2 H + )/∆v) in different sub-regions can be constrained. For instance, the two bars on the first panel of Figure 7 indicate the two possible solutions that satisfy the conditions with an inten-sity of 7-15 K · km s −1 and a line ratio of 2.2 ± 0.4. The corresponding physical conditions of the left and right bars are n H2 = 10 6 cm −3 and T kin = 45-60 K, and n H2 = 3 × 10 6 cm −3 and T kin = 21-30 K, respectively.
We use our SMA + SMT data in N 2 H + 3-2 together with the ALMA + IRAM 30-m data in N 2 H + 1-0 for the non-LTE analysis, where the scale size is 5.4 (∼ 0.01 pc). Based on the 3-2 moment 0 map, we define three regions for analysis. The first region is defined as the core regions with integrated intensity 50-60 K · km s −1 and a 3-2/1-0 ratio of 1 ± 0.3. The second region is the lower intensity regions inside the filaments (20-40 K · km s −1 ) with a similar line ratio of 1±0.3, and the third region is the non-filament region with low intensities (7-15 K · km s −1 ) and a higher line ratio of 2.2 ± 0.4. The spectra averaged in these sub-regions are compared with Table 3 . Parameters for non-LTE analysis
Core Regions
Low Intensity Non-filament (> 50 K · km s −1 ) Regions Regions nH 2 (cm −3 ) 10 7 or 3 × 10 7 3 × 10 6 or 10 7 10 6 or 3 × 10 6 T kin (K) 19-23 or 18-20 17-22 or 13-16 > 45 or 21-30 N (N2H + )/∆v (s cm −3 ) 5 × 10 8 1.5 × 10 8 5 × 10 7 Intensity (K · km s −1 ) 50-60 20-40 7-15 Typical Ratio 1 ± 0.3 1 ± 0.3 2.2 ± 0.4 the model spectra. The derived physical parameters for the non-LTE analysis together with the criteria of the three sub-regions are listed in Table 3 . By comparing between the filament and non-filament regions, we find that the filament regions have a higher density of ∼ 10 7 cm −3 and a lower temperature of ∼ 15-20 K than the non-filament regions. As the major heating sources may come from outside the filaments, it is likely that the dense gas in the filaments could block the outer radiation, leading to a lower temperature in the filaments (see Section 5.2 for further discussion). Inside the filaments, the core regions have a higher N 2 H + column density than the low intensity regions, if we assume similar linewidths in these regions. Also, the volume density of the core regions are generally higher than the low intensity regions. On the other hand, there is no significant difference in temperature between the core and the low intensity regions, although the derived T kin is slightly higher in the core regions.
Using the volume densities determined from the non-LTE analysis and the filament widths, we have estimated the masses of the cores and the line masses of the filaments under the assumption of uniform cylindrical filaments. We adopted this method instead of using the column density of N 2 H + because the fractional abundance of N 2 H + is highly uncertain in the regions close to Orion KL and because the inclination of each filament is also uncertain. The density is assumed to be n H2 = 3 × 10 6 cm −3 for the filaments without cores. For those with cores, i.e. main filament, east filament, and filament 8, we use two possible core densities (i.e. 10 7 or 3 × 10 7 cm −3 ) determined in this section for the core regions and n H2 = 3×10 6 cm −3 for the regions outside the cores. If we adopt the higher density solution, i.e. 10 7 cm −3 , for the low intensity regions of the filaments, the line masses of the filaments could be higher by a factor of ∼3. On the other hand, if we adopt the radial density profile of the isothermal cylinder with the same central density (e.g. Ostriker 1964), the line mass included in the radius of 0.01-0.015 pc (i.e. half of the filament width) becomes lower by a factor of two. Properties of the identified filaments and cores are summarized in Ta-ble 1 and Table 2 , respectively, and will be discussed in Section 5.1.
Gas Kinematics of the Filaments
Characterizing the gas motion inside the filaments requires the studies of velocity structure. We investigate the radial velocity fields along both the major and minor axes of the filaments in OMC1, and compare our results with existing filament formation model and core formation model. Since the main filament and the east filament are identified with core fragmentation, we focus on the analyses of these two filaments.
Minor-Axis Analysis
Systematic velocity gradients perpendicular to the filaments have been observed in the filaments of both lowand high-mass star-forming regions (e.g. Dhabal et al. 2018; Schneider et al. 2010; Beuther et al. 2015a ). Such velocity gradients across the filaments can be explained by the projection of gas accretion toward the filament axes (Dhabal et al. 2018) or the rotation of filaments (Olmi & Testi 2002) . In order to assess whether the OMC1 filaments show similar features, we analyze the velocity fields along the minor axes.
In the main and the east filaments, there is no systematic velocity gradient along the minor axes. However, local velocity gradients of ∼ 0.3 km s −1 are observed in core 4 and 8 in the east filament. On the other hand, there is no significant velocity gradient in core 5 and 10. The velocity gradients in core 6, 7, and 9 in the northern part of the main filament are unclear due to the secondary velocity component along the line of sight. Figure 8 shows Position-Velocity (P-V) diagrams across core 8 and core 4. The directions of velocity gradients across these cores are not consistent; the velocity increases from east to west in core 8, while it decreases in core 4. Such velocity gradients with different directions along the same filament have also been observed along the massive DR21 filament, although its origin is still unclear (Schneider et al. 2010) .
Using the effective radii determined in Section 4.1.2, i.e. R eff = 5.1 and 3.6 for core 4 and core 8, respectively, the velocities at R eff were determined from the spectral fitting. Then, the velocity gradient (∇V ) along the east-western direction was estimated using the velocity difference at the core boundaries and the effective diameter. Assuming a linear velocity variation, core 8 and core 4 have ∇V = 17.2 km s −1 pc −1 and ∇V = −11.3 km s −1 pc −1 , respectively. The origin of the observed velocity gradients with different directions are likely to be the local effects such as rotating motions or unresolved multiple components. If the observed velocity fields come from rotations, the rotational energy E rot can be estimated under the assumption of solid-body rotation as (Belloche 2013 )
where i is the inclination angle of the rotational axis to the line of sight, and α indicates a power-law density profile of ρ ∝ r −α . The gravitational energy can also be derived as
To estimate the ratio of rotational to gravitational energy (β rot ) for these cores, we assume a uniform density profile, i.e. α = 0, and a random-averaged inclination angle of sin i = π/4. It turns out that core 8 has β rot ranging from 0.04 to 0.11, and core 4 has β rot ranging from 0.02 to 0.06. This means that rotations of these cores are significant but not dominant in the energetics.
Major-Axis Analysis
The velocity fields along the major axes of the filaments are also analyzed. Using the central velocity (V LSR ) and the peak intensity determined from the hyperfine spectral fitting (see Section 4.2), we plot the intensity and velocity variations along the filament major axis in Figure 9 , where the horizontal axes represent the offset (from north to south) in arcseconds, and the vertical axes show the peak intensity on the left and the V LSR on the right.
Analysis on the east filament (see Figure 9a ) reveals the oscillations in both intensity and velocity. It is found that there are positional shifts between the intensity and velocity peaks toward core 8 and 4. This is similar to the feature observed in two of the filaments in L1517 (Hacar & Tafalla 2011) . The velocity oscillation along the filament can be related to the core-forming motions. If the gas flow is converging to the center of the core, its velocity with respect to the one at the core center is positive in one side and negative in the other side of the density peak. According to the kinematic model proposed in Hacar & Tafalla (2011) , where sinusoidal perturbations were assumed for both density and velocity, a λ/4 phase shift between the two distributions is predicted. In Figure 9a , we show the sinusoidal fits to the velocity oscillation in the east filament. In addition, the locations of the intensity peaks toward core 8 and 4 match well with the λ/4 shift from the two corresponding sinusoidal peaks. Figure 9b shows the intensity and velocity plot for the main filament. Although there is a secondary velocity component toward part of this filament, the velocities determined from the fitting represent the ones of the major component. In the main filament, the relations between the intensity and velocity variations are unclear. This is probably because of the evolutionary stage of the main filament. Previous 1.3 mm observations with the SMA (Teixeira et al. 2016 ) revealed CO molecular outflows associated with some cores in the main filament, including core 5. It is therefore likely that some of the cores in the main filament have already harbor young protostars in the Class 0 stage. In contrast, no evidence of protostars have been observed in the east filament, and the positional shift between its intensity and velocity peaks may indicate that core formation is still ongoing in the east filament. As the evolutionary stage of different filaments can vary (Myers 2017) , it is possible that the east filament is in an earlier evolutionary phase than the main filament with star formation signature.
DISCUSSION
Filament and Core Properties
As shown in Table 1 , all three filaments with core fragmentation have line masses 80 M pc −1 . In contrast, the filaments with lower line masses such as filament 3, 4, and 9 do not contain cores. However, three filaments having the line masses close to 80 M pc −1 (filament 1, 2, and 5) and filament 6 with the largest line mass do not contain any cores. Therefore, although line masses are often used as an indicator of the star formation stage of a filament (Heitsch 2013; Palmeirim et al. 2013; Li et al. 2014) , it may not be a conclusive discriminator, which is also stated in Dhabal et al. (2018) .
To investigate the internal dynamics of the filaments, we derive the non-thermal velocity dispersion (∆v nt ) by using the equation
where ∆v is the linewidth in FWHM obtained from the hyperfine fitting, and µ is the molecular mass. The non-thermal velocity dispersion can be compared with the thermal sound speed
Then, the critical line mass for an infinite filament in hydrostatic equilibrium can be calculated as (Stodolkiewicz 1963; Ostriker 1964 )
where ∆v eff is defined as the effective velocity dispersion considering both thermal and non-thermal effects. Based on the non-LTE results in Section 4.3, we take T kin = 20 K for estimation, which leads to c s (T ) = 0.287 km s −1 . In the case of the purely thermally-supported filament, M crit = 38.4 M pc −1 . Due to the rather large non-thermal velocity dispersion, the critical line masses listed in the OMC1 filaments are ∼2-4 times larger than the purely thermally-supported case. Table 1 reveals that 7 of the 11 filaments have 0.5 ≤ M lin /M crit ≤ 1.5, suggesting that most of the filaments are gravitationally bound. Filament 3, 4, and 9 having low line masses are found to have M lin /M crit < 0.5 and thus may be gravitationally unbound. On the other hand, filament 8 has M lin /M crit < 0.5 even though this filament contains cores. This filament resides in OMC1-South, where a cluster of young stellar objects (YSOs) have already been formed (Zapata et al. 2004 (Zapata et al. , 2006 . Due to the powerful outflows from these YSOs, the gas in this region is highly turbulent. Thus, filament 8 has the largest linewidth of ∼ 3 km s −1 among all the filaments, leading to a high M crit and a low M lin /M crit ratio. The low M lin /M crit value could imply that filament 8 is in the phase of disruption. Another possibility is the high external pressure in this region. If the filament is confined by external pressure, the filament is prone to fragmentation even though its line mass is smaller than the critical line mass (e.g. Fischera & Martin 2012) . Since filament 8 in OMC1-South is adjacent to the Orion Nebula Cluster, the high external pressure from hot and diffuse gas in the cluster could lead the core formation in this filament.
Our results show that the filaments in OMC1 have M lin /M crit < 1.5, which is consistent with that of Hacar et al. (2018) based on their N 2 H + 1-0 data. However, even though the derived M lin /M crit ratios are similar, both the M lin and M crit determined from our data are higher than those of Hacar et al. (2018) by a factor of few. While they used N 2 H + intensities to estimate column densities of H 2 , we use the volume densities of H 2 derived from the non-LTE analysis. The empirical relation between N 2 H + intensities to H 2 column densities used by Hacar et al. (2018) has large scatter. The inclination of each filament is also uncertain. On the other hand, the uncertainty in inclination does not affect our estimation. However, the M lin derived under our assumption of uniform density inside the filaments (excluding the cores) might be overestimated if the filaments have radial density profiles. For the difference in M crit , it is likely resulted from the difference between the linewidths observed in N 2 H + 3-2 (∼1.0 km s −1 ) and 1-0. This is partly because of the difference in the beamsize of our measurement (5.4 ) and Hacar et al. (2018) (4.5 ) ; the spectra observed with the larger beam contain the nonthermal motion in the larger area. The hyperfine components of 3-2, which is much more complicated than those of 1-0, introduce additional uncertainty in the derived linewidth if the relative intensities of the hyperfine components are different from the LTE values. Table 2 shows that most of the cores have masses (M core ) ranging from 1-10 M . Both the sizes and the masses of these cores are larger than those determined by Teixeira et al. (2016) , because multiple smaller-scale cores were revealed in their 1.3 mm continuum data using the SMA. These masses can also be compared with the masses inferred by the virial theorem. By assuming a uniform density in the cores, the virial mass (M vir ) can be derived as
where R eff is an effective radius of the core, and ∆v is a typical linewidth. The linewidth ∆v was determined from the hyperfine fitting except for core 6, 7, and 9 having multiple velocity components along the line of sight. As shown in Table 2 , the measured core masses are similar to the calculated virial masses, indicating that most of the cores are gravitationally bound. One of the cores, core 5, already shows the signatures of star formation; toward this core, there is an infrared source and a clear bipolar outflow in CO (Teixeira et al. 2016 ). The velocity dispersion as well as M vir are large in the southern cores i.e. core 1 and 2, because of the strong turbulence from the stellar activities in OMC1-South (Zapata et al. 2006; Palau et al. 2018 ).
External Heating from High-mass Stars
The N 2 H + 3-2/1-0 ratio map presented in Figure 3 shows higher ratios in the eastern part of OMC1. From the non-LTE model shown in Figure 7 , regions with a higher intensity ratio generally indicates a higher kinetic temperature. This suggests that the eastern OMC1 has higher temperatures comparing with the remaining area.
We find that the overall distribution of the high-ratio gas is similar to that of the CN and C 2 H molecules presented in Ungerechts et al. (1997) and Melnick et al. (2011) . Since CN and C 2 H are sensitive to the presence of UV raidation (Fuente et al. 1993; Stauber et al. 2004) , it is likely that the higher temperatures in the eastern OMC1 are caused by the UV heating from the highmass stars in M42. For example, UV photons from the θ 1 Ori C at (R.A., Decl.) = (5 h 35 m 16 s .5,−5 • 23 22 .8), which is southeast to the Orion KL, could be one of the major heating sources. In addition, the [C I]/CO intensity ratio map in Shimajiri et al. (2013) shows a ratio peak of ∼ 0.17 around the position (R.A., Decl.) = (5 h 35 m 20 s ,−5 • 18 30 ), implying that UV radiation also contributes to the heating of this region. Possible heating sources include the exciting star of M43-NU Ori at (R.A., Decl.) = (5 h 35 m 31 s .0, −5 • 16 12 ), which is northeast to the OMC1 region.
The external heating scenario also explains the 3-2/1-0 ratios inside and outside the filaments. As shown in Figure 3 , heating features are seen only outside the filament regions, while temperatures inside the filaments remain significantly lower. Wiseman & Ho (1998) reported the variation of NH 3 (J, K) = (2, 2) to (1, 1) line intensity ratio in the filaments; the higher ratio (i.e. higher temperature) gas appears between the emission peaks with lower ratio (i.e. lower temperature). Such a patchy heating pattern in the filaments does not appear in the N 2 H + . There is no significant difference in the N 2 H + 3-2/1-0 ratio between the core regions and the low intensity regions in the filaments. This is probably because the N 2 H + lines having higher critical densities than the NH 3 trace the inner and denser part of the filaments where the gas is shielded well from the external radiation.
Apart from external UV heating, local heating from Orion KL has been discussed on the basis of previous observations (Tang et al. 2018; Bally et al. 2017; Zapata et al. 2011; Wiseman & Ho 1998 ). However, since N 2 H + emission is missing toward Orion KL, local heating around the KL core (∼ 100 K) is not observed in our data. The 3-2/1-0 ratio at the position of core 4, ∼ 2.0, is significantly higher than other regions of the east filament. This could be the effect of the local heating from Orion KL.
Global Collapse of OMC1
Recent studies have shown that large-scale dynamical collapse are important in high-mass star-forming regions (e.g. Hartmann & Burkert 2007; Hacar et al. 2017) . The snapshots from the magneto-hydrodynamics (MHD) simulation of globally collapsing clouds presented in Schneider et al. (2010) and Peretto et al. (2013) reveal multiple filaments and sharp boundaries of radial velocity changes that separate the cloud into several regions, and these regions and filaments converge toward the massive core at the center. The radial velocity distribution of OMC1 shows the trimodal pattern centered near Orion KL with the sharp boundaries between the northern and western regions (Figure 6a ) and the northern and southern regions (Figure 6b ). In addition, the radial velocities in the western region monotonically decrease from north to south, and continue to the velocity gradient in the southern region (Figure 6b ). This velocity gradient corresponds to the part of the Vshaped velocity structure centered around the OMC1-South, which is interpreted as the presence of accelerated gas motion inflowing toward the Orion Nebula Cluster (Hacar et al. 2017 ). Our results have revealed that the gas in the western and southern regions contributes to this inflow. Such a global collapse picture is also supported by the morphology of the magnetic field in OMC1. The magnetic field in OMC1 revealed by the B-Fields In Star-Forming Region Observations (BISTRO) survey using the James Clerk Maxwell Telescope (JCMT) shows a well-ordered U-shaped structure, which can be explained by the distortion of an initially cylindrically-symmetric magnetic field due to large-scale gravitational collapse (Pattle et al. 2017) . Interestingly, the filaments in the northern and southern regions are almost perpendicular to the local magnetic field direction, while those in the western region such as filament 3, 4, and 5 are aligned along the magnetic field. This implies that the filaments in the western region are feeding material along the magnetic field lines to the Orion Nebula Cluster, as predicted from the MHD simulation of global collapse (Schneider et al. 2010 ).
CONCLUSION
We conducted the N 2 H + 3-2 line observations toward the OMC1 region using the SMA and SMT. The SMA data are combined with the SMT data in order to recover the spatially extended emission. The filaments and cores in OMC1 have been identified, and their physical properties are derived. Using the N 2 H + 1-0 data provided by Hacar et al. (2018) , we conducted the non-LTE analysis, and determined the kinetic temperatures and H 2 densities of the filaments and cores. We also examine the gas kinematics inside the two prominent (main and east) filaments and compare them with the filament/core formation models. The main results are summarized as the following:
1. The combined SMA and SMT image in N 2 H + 3-2 reveals multiple filamentary structure having typical widths of 0.02-0.03 pc. In total , 11 filaments and 10 cores are identified. Cores are found in the three filaments with the line masses 80 M pc −1 . The masses of the cores are in the range of 1-10 M except the most massive one with >14 M in OMC1-South. Up to ∼ 65% of the filaments are gravitationally bound, which could be current or future sites for star formation.
2. The result of non-LTE analysis shows that the kinetic temperature is enhanced in the eastern part of OMC1. This is probably because of the external heating from high-mass stars in M42 and M43 (e.g. θ 1 Ori C and NU Ori). It is found that the filament regions with higher densities of n H2 ∼ 10 7 cm −3 have lower temperatures (T kin ∼ 15-20 K) than their surrounding regions. The lower temperatures in the filaments can be explained by the shielding from the external heating by dense gas.
3. The moment 1 image reveals that OMC1 consists of three sub-regions with different radial velocities divided by the sharp velocity transitions. Three sub-regions intersect with each other at the location of Orion KL. The radial velocities in the western region monotonically decreases from north to south, and continue to that in the southern region. The observed velocity structure suggests the presence of global gas flow toward the Orion Nebula Cluster. Such a global collapse is also supported by the observed morphology of magnetic fields and large scale gas kinematics in the integral-shaped filament.
4. Non-thermal motion plays important roles in the OMC1 filaments. There is no systematic velocity gradient along the minor axes of the OMC1 filaments. Although the velocity gradient of ∼ 0.3 km s −1 is observed in the east filament, the direction of the velocity gradient is different at different locations.
5. Two cores in the east filament show positional shifts between their intensity and velocity peaks along the filament major axis. It is possible that core formation is still ongoing in this filament. On the other hand, there is no such positional shift in the main filament. It is therefore likely that the east filament is in an earlier evolutionary phase than the main filament, which shows the signatures of star formation.
